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Abstract
A consistent model for the description of non-Maxwellian nuclear processes in the solar core
triggered by fast reaction-produced particles is formulated. It essentially extends an approach to
study suprathermal solar reactions discussed previously [Phys. Rev. C 91, 028801 (2015)] and
refines its predictions. The model is applied to examine in detail the slowing-down of 8.7-MeV α
particles produced in the 7Li(p, α)α reaction of the pp chain, and to study suprathermal processes
in the solar carbon-nitrogen-oxygen (CNO) cycle induced by them. The influence of electron
degeneracy and electron screening on suprathermal reactions through in-flight reaction probability
and fast particle emission rate is clarified. In particular, these effects account for a 20% increase
of the 14N(α, p)17O reaction rate at R < 0.2R⊙. This new type of correction is important for the
suprathermal reaction like 14N(α, p)17O as it is recognized to be capable of distorting the CNO
cycle in the 95% region of the solar core. In this region, normal branching 14N ← 17O → 18F
of nuclear flow transforms to abnormal sequential flow 14N → 17O → 18F, and the 14N(α, p)17O
reaction rate exceeds the rate of 17O burn up through conventional 17O(p, α)14N and 17O(p, γ)18F
processes. It is shown that these factors can enhance the 17O abundance in the core as compared
with standard estimates. For the steady state case, the abundance enhancement is estimated to be
as high as ∼ 102 in the outer core region. A conjecture is made that other CNO suprathermal (α, p)
reactions may also alter abundances of CNO elements, including those generating solar neutrinos.
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I. INTRODUCTION
A key issue for a proper description of nuclear burning processes in the Sun is an accurate
treatment of chain reaction kinetics in the solar core plasma. The major nuclear inputs in
kinetics simulations are rate parameters (reactivities) for reactions forming the pp chain and
carbon-nitrogen-oxygen (CNO) cycle in the Sun. It is known that standard solar models
(SSMs) rely on a nuclear reaction network operating with thermal reactivities for particles
having Maxwellian velocity distribution functions. At the same time, a question whether
non-Maxwellian distortions of particle distributions may appear and affect reaction rates in
the solar core has still been poorly studied. Clayton et al. [1, 2] analyzed how some non-
Maxwellian distortions can alter the generation of solar neutrinos. In the context of the 8B
neutrino problem, the authors introduced a radical ad hoc assumption that ion distributions
have depleted high-energy tails and thus depart from a Maxwellian function. This model
decreases the contribution to reaction rates of fast particles with energies large compared to
the thermal energy. Although the model was shown to provide a pathway toward a solution
of the neutrino problem, later Bahcall argued [3] that the degree of depletion needed is
unlikely to occur in the dense core.
In the meantime, other non-Maxwellian phenomena which increase the contribution of
fast particles can manifest in the solar core plasma. These are suprathermal processes
triggered by fast nucleons and lightest nuclei naturally appearing in the plasma. These
particles are predominantly generated in exoergic reactions of the pp chain and usually have
MeV energies. When slowing down in the plasma they can undergo in-flight nuclear reactions
and thus contribute to total reaction rates. The level of this suprathermal effect depends
on a particular reaction. For exoergic processes, candidates most appropriate for the effect
to manifest are reactions with pronounced resonances at suprathermal energies. In turn,
direct reactions with cross sections moderately depending on energy are less sensitive to fast
particles. As for endoergic processes, most of them can be appreciably influenced by fast
particles having energies in excess of reaction threshold Ethr.
One may expect therefore that energetic particles provide different impacts on forward
(exoergic) i+ j → k + l and reverse (endoergic) k + l → i+ j reactions. This can lead to a
deviation of the relation between forward and reverse reactivities, 〈σv〉ij→kl and 〈σv〉kl→ij,
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from a standard law for Maxwellian plasma
〈σv〉kl→ij = 〈σv〉ij→klAijklGijkl exp(−Q/T ). (1)
In Eq. (1), the quantity Q is the Q-value of the forward reaction, T is the plasma temperature
in units of energy, Aijkl and Gijkl are algebraic combinations of particle mass numbers A
and temperature-dependent partition functions G, respectively (for details, see [4]). The
violation of this relation caused by non-Maxwellian particles in astrophysical plasmas was
recently obtained for several main processes of big bang nucleosynthesis [5, 6] and for some
reactions of the solar CNO cycle [7]. In particular, it was shown that 8.674-MeV α particles
produced in the 7Li(p, α)α reaction of the pp chain in the Sun crucially affect the balance of
p + 17O ⇄ α + 14N reactions, so that the reverse (α, p) process can even block the forward
(p, α) one, distorting running of the CNO cycle.
This particular finding suggests the role of fast reaction-produced ions in the solar core
may be unappreciated in SSMs, and in a greater or lesser degree it may concern processes
of the pp chain and CNO cycle. Furthermore, if we find that suprathermal reactions are
capable of altering some element abundances in the core, suprathermal corrections to the
fluxes of some solar neutrinos may also be obtained. In this context, it is worthwhile to note
that the CNO cycle subdominant for energy generation in the Sun is an important source of
neutrinos released in the β+-decay of 13N, 15O, and also 17F nuclei. The CNO neutrinos carry
valuable information on solar core metallicity [8], and may also provide an independent test
on the core temperature determined earlier on the basis of Sudbury Neutrino Observatory
and Super-Kamiokande experiments.
All this serves as a clear argument in favor of a further study of non-Maxwellian
(suprathermal) reactions in the solar interior. In this paper, a consistent model to prop-
erly describe these processes is formulated. The model is based on a formalism of in-flight
reaction probability, operates with different approaches for the treatment of fast particle
slowing-down in a matter, and takes into account some plasma peculiarities, such as the
effect of electron degeneracy on in-flight reaction rates and electron screening of thermal
reactions in the core. On the example of the CNO cycle we will demonstrate in detail
how the model works and will improve results on α-particle-induced suprathermal processes
published previously [7].
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II. A MODEL FOR NON-MAXWELLIAN PROCESSES IN THE SOLAR CORE
Let us consider non-relativistic fast particles k produced in an exoergic reaction i+ j →
k + · · · in the core plasma. To examine their effect on some k + l reaction, one needs to
know the particle emission rate Rk,ij, the particle energy loss rate dEk/dt in the matter, and
the k + l reaction cross section σkl at thermal as well as suprathermal energies.
The particle emission rate Rk,ij is determined by the following equations
Rk,ij = Nk × Rij , (2)
Rij = (1 + δij)
−1ninj〈σv〉ij, (3)
〈σv〉ij = (ninj)−1
∫ ∫
fi(vi)fj(vj)σ(|vi − vj |)|vi − vj | dvi dvj. (4)
In these equations, Nk is the number of particles k produced per pair of (ij), Rij is the
i + j reaction rate, 〈σv〉ij and σ are the i + j reactivity and cross section, respectively, na
(a = i, j) is the number density of species a with the velocity distribution function fa(va)
normalized to na.
We will use a formalism of in-flight reaction probability to describe the suprathermal k+ l
reaction. This probability Wkl satisfies the equation
dWkl = (1−Wkl) nlσ(Ek)
(dEk/dx)
dEk, (5)
the solution of which is
Wkl(Ek,0 → Eth) = 1− exp
[∫ Ek,0
Eth
(
2Ek
mk
)1/2
nlσ(Ek)
(dEk/dt)
dEk
]
. (6)
It presents the probability that the fast particle k undergoes the in-flight k+ l reaction while
slowing in the plasma from an initial energy Ek,0 down to the thermal energy Eth = 3T/2.
In Eq. (6), Ek is the particle energy in the laboratory frame, mk is the particle mass, σ is
the reaction cross section, nl is the number density of target nuclei l, and (dEk/dt) is the
particle energy loss rate.
A proper choice of this rate is a crucial point for accurate calculations of Wkl. In the
solar core plasma fast particles lose energy through Coulomb elastic scattering (Coul) off
background charged species, and through nuclear elastic scattering (NES) off ambient ions
i (neutrons can be ignored). Accordingly,(
dEk
dt
)
=
(
dEk
dt
)
Coul
+
(
dEk
dt
)
NES
. (7)
5
The NES term in Eq. (7) can be presented in a form [9](
dEk
dt
)
NES
= −
∑
i
(
2Ek
mk
)1/2
niEk
(
1− 3T
2Ek
)
× 4πmkmi
(mk +mi)2
∫ 1
b
σ(Ek, µ)(1− µ) dµ, (8)
where σ(Ek, µ) is the differential cross section for k − i NES (allowing for the contribution
of Coulomb-nuclear interference), µ is the cosine of scattering angle in the center-of-mass
frame, and b = −1 (if i 6= k) or 0 (if i = k). In most cases, the NES contribution to (dEk/dt)
is subdominant and the majority of particle energy loss comes from Coulomb scattering. Its
rate can be written as (
dEk
dt
)
Coul
=
(
dEk
dt
)
e
+
∑
i
(
dEk
dt
)
i
, (9)
where subscripts e and i stand for bulk electrons and ions, respectively.
To compose a detailed picture of particle thermalization in the sola core plasma, we will
consider different models for Coulomb slowing-down process.
1. The first one is a standard binary-collision model with a Debye cut-off described by
Sivukhin [10]. We will refer to it as SIV66. In this model, the partial terms (dEk/dt)j
(j = e, i) in Eq. (9) are given by(
dEk
dt
)
j
= −4π(ZkZj)
2e4
(2mjTj)
1/2
nj ln Λkj
Ψ(xj)
xj
, (10)
Ψ(xj) = erf(xj)− 2
π1/2
(
1 +
mj
mk
)
xj exp(−x2j ), (11)
xj =
(
mj
mk
Ek
Tj
)1/2
. (12)
In this equations, nj and Tj are the number density and the temperature of plasma species
j, while mb and Zb (b = j, k) are the mass and the charge number of particle b. The quantity
ln Λkj is the Coulomb logarithm treated in classical or quantum-mechanical approximations
ln Λkj =
ln (1 + λ
2
D/ρ
2
⊥)
1/2
, if ρ⊥ > λ
ln (2λD/λ)− 1/2, if λ > ρ⊥
(13)
where λD is the Debye shielding length, ρ⊥ is the impact parameter for π/2 deflection, and
λ is the de Broglie wavelength. They are
1
λ2D
=
∑
j=e,i
4πZ2j e
2nj
Tj
, ρ⊥ =
ZkZje
2
mru2
, λ =
~
mru
, (14)
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where mr = mkmj/(mk+mj) and u = |vk−vj| ≃
√
v2k + 2Tj/mj . Equations (10)-(12) were
derived under the assumption of Maxwellian velocity distribution functions for all plasma
species j.
2. The second model developed by Kamelander [11] is based on the Fokker-Planck col-
lision theory. We will refer to it as KAM86. This model makes it possible to carry out an
extended analysis of particle slowing-down in a dense matter. It operates with Maxwellian
as well as Fermi-Dirac distribution functions, taking into account degeneracy of electron
component. For the energy loss rate (dEk/dt)j (j = e, i) one obtains [11, 12](
dEk
dt
)
j
= −8π
2(ZkZj)
2e4(2mk)
1/2
mjE
1/2
k
ln Λkj ×Gj(vk). (15)
The quantity Gj is a function of particle velocity vk. It is given by
Gj(vk) = Jj,2
[
1− mj
3Ek
(Jj,4 + Jj,1v
3
k)
Jj,2
]
, (16)
where
Jj,1(vk) =
∫ ∞
vk
vjfj(vj) dvj, (17)
Jj,2(vk) =
∫ vk
0
v2j fj(vj) dvj, (18)
Jj,4(vk) =
∫ vk
0
v4j fj(vj) dvj, (19)
and fj(vj) is the velocity distribution function of plasma species j. If all species are
Maxwellian, the integrals Jj,m (m = 1, 2, 4) are taken analytically and after some algebra
Eq. (15) can be reduced to the form of Eq. (10) in which Ψ(xj) is replaced by Ψ˜(xj)
Ψ˜(xj) = (1− Tj/Ek)
[
erf(xj)− 2
π1/2
xj exp(−x2j )
]
. (20)
Under conditions typical of the solar core (ρ ∼ 150 g/cm3 and T ∼ 1.3 keV) the electron
temperature Te is close to the Fermi energy EF = (~
2/2me)(3π
2ne)
2/3. For example, in the
inner core Te/EF ∼ 2.4 and the plasma electrons are in a weakly degenerate state. To in-
corporate electron degeneracy in our model, we properly determine the electron distribution
function fe(ve) which obeys Fermi-Dirac statistics[29]
fe(ve) =
1
4π3
(me
~
)3 [
exp
(
mev
2
e
2Te
− η
)
+ 1
]−1
. (21)
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In Eq. (21), the degeneracy parameter η (= µ/Te with µ being the chemical potential) is
chosen to satisfy the normalization condition∫ ∞
0
fe(ve)4πv
2
e dve = ne. (22)
The Coulomb logarithm lnΛkj is also corrected to electron degeneracy by using an ad hoc
procedure [14, 15] of the replacement Te in Eq. (13) by (T
2
e + T
2
F)
1/2 where TF is the Fermi
temperature. Substituting now the distribution function fe(ve), Eq. (21) into Eqs. (17)-
(19), one can calculate the energy loss rate (dEk/dt)e, Eq. (15), through k−e collisions with
degenerate electrons.
3. The third model for energy loss being considered was developed by Skupsky [16]. We
will refer to it as SKUP77. This model is based on a different energy loss mechanism. It
was assumed that a charged particle k induces an electric field in a matter, which acts back
on this particle and ultimately decreases its kinetic energy. For this mechanism, the energy
loss rate is expressed as (
dEk
dt
)
= −Z
2
ke
2
2π2
∫
k · vk
k2
ǫIm
ǫ2Re + ǫ
2
Im
dk, (23)
where ǫRe and ǫIm are the real and imaginary part of the matter dielectric function ǫ(k,k ·
vk), respectively. Using the random-phase-approximation (RPA) form of the quantum-
mechanical dielectric function, Skupsky [16] obtained that the particle energy loss to plasma
electrons of arbitrary degeneracy is given by(
dEk
dt
)
e
= −EkneZ
2
ke
4
T
3/2
e
(2me)
1/2
mk
4
3
[
π
F1/2(η)
1
e−η + 1
]
ln ΛRPA, (24)
where F1/2(η) is the Fermi integral to order 1/2
F1/2(η) =
∫ ∞
0
x1/2 dx
ex−η + 1
. (25)
The quantity ln ΛRPA in Eq. (24) is a generalization of the classical Coulomb logarithm. It
has the following form
lnΛRPA = (1 + e
−η)
∫ ∞
0
k3
(k2 + k20)
2
[
exp
(
~
2k2
8meTe
− η
)
+ 1
]−1
dk, (26)
where k20 = k
2
DF
′
1/2(η)/F1/2(η) and k
2
D = 4πnee
2/Te. We should note that this formula
somewhat differs from lnΛRPA presented in [16]. Equations (24) and (26) were derived for
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the case where the particle velocity vk is less than the average electron velocity 〈ve〉. It was
also assumed that ǫIm < ǫRe.
4. Edie et al. [17] recently proposed a reduced model for particle energy loss through
scattering off plasma electrons. We will refer to it as EVRG13. The model conveniently
interpolates between limiting cases for (dEk/dt)e based on classical and quantum kinetic
equations. It gives (
dEk
dt
)
e
= −4πZ
2
ke
4
mevk
ne ln Λ×Ψ(x0), (27)
where the function Ψ(x0) is described by Eq. (11). The argument x0 is
x0 =
(
me
mk
Ek
Te
)1/2 [ √
π
2F1/2(η)(1 + e−η)
]1/3
. (28)
The approximation formula for lnΛ has the following form
lnΛ =
2mev
2
e
~ωe
0.321 + 0.259x20 + 0.0707x
4
0 + 0.05x
6
0
1 + 0.13x20 + 0.05x
4
0
, (29)
where ωe =
√
4πnee2/me. For the electron velocity ve in Eq. (29) we consider the most
probable velocity v′e satisfying the equation dfe(ve)/dve = 0. With the electron distribution
function fe(ve), Eq. (21), we found that in the solar core v
′
e ≃
√
2Te/me.
SKUP77 and EVRG13 operate only with k − e scattering. To obtain the total Coulomb
energy loss for these models, we have also taken into account k− i scattering for Maxwellian
ions given by Eq. (10).
Note that, since the above four models are based on different approaches, it becomes
possible to give an extended description of particle slowing-down in the solar core plasma.
Now we introduce some other informative parameters characterizing fast particles in the
solar core. The particle thermalization range lk,th and time τk,th in the plasma are
lk,th(Ek,0 → Eth) =
∫ Ek,0
Eth
−(2Ek/mk)
1/2dEk
(dEk/dt)
, (30)
τk,th(Ek,0 → Eth) =
∫ Ek,0
Eth
− dEk
(dEk/dt)
. (31)
Since τk,th reflects the particle “lifetime” in a suprathermal state, the number density of
suprathermal particles approximately is nk,sprth = Rk,ij × τk,th, where Rk,ij is the particle
emission rate in some i+j reaction, Eq. (2). One more informative parameter is the effective
temperature Tk,eff of non-Maxwellian particles. It can be evaluated by equating the pressure
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of these particles having a slowing-down distribution function to the pressure of Maxwellian
particles [18]. This procedure gives
Tk,eff =
2I4(vc/vk,0)
3I2(vc/vk,0)
Ek,0, In(a) ≡
∫ 1
0
xn
a3 + x3
dx, (32)
where vc is the crossover velocity defined in [18]. This temperature determines the average
kinetic energy of non-Maxwellian particles through a relation 〈Ek〉 = 3Tk,eff/2.
The quantity of particular importance is the rate of suprathermal k+ l reactions induced
by fast particles k in the solar core. Using the in-flight reaction probability Wkl defined by
Eq.(6), this rate Rkl,sprth can be evaluated as
Rkl,sprth = Rk,ij ×Wkl(Ek,0 → Eth), (33)
where Rk,ij is the particle emission rate in the i+j reaction. Equation (33) can be presented
in a standard form for reaction rate
Rkl,sprth = nk,sprthnl〈σv〉kl,sprth, (34)
where 〈σv〉kl,sprth denotes the effective suprathermal k + l reactivity
〈σv〉kl,sprth = Rk,ijWkl
nk,sprthnl
=
Wkl
τk,thnl
. (35)
Although 〈σv〉kl,sprth is not a conventional reactivity, it reasonably indicates the strength of
the suprathermal k + l reaction.
It is possible to generalize Eq. (33) to the case of suprathermal reactions induced by
fast particles k having a continuous source energy spectrum S(E ′k). Such particles can be
produced, e.g., in a reaction like i + j → k + k1 + k2. The generalized form of Eq. (33) is
obtained by folding the in-flight reaction probabilityWkl over the source energy spectrum. If
this spectrum S(E ′k) covers the range of energies E1 ≤ E ′k ≤ E2, the suprathermal reaction
rate is
Rkl,sprth = Rk,ij ×
[∫ E2
E1
S(E ′k) dE
′
k
]−1 ∫ E2
Em
Wkl(E
′
k → Eth)S(E ′k) dE ′k, (36)
where Em = max [E1, Eth]. Note that for monoenergetic particles with S(E
′
k) ∼ δ(E ′k−Ek,0)
this equation is reduced to Eq. (33).
We complete the description of our model by a method of accounting for electron screening
of nuclear reactions in the solar core. As known, electron screening reduces the repulsive
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potential barrier between reacting ions and thereby enhances reaction cross sections σ as
compared with those σbare for bare nuclei (for details, see a review paper [19] and references
therein). To incorporate this effect in the model, we use a weak-screening approximation
[20] properly describing electron screening for a + b reactions with ZaZb . 10 [21]. The
respective enhancement factor fab = σ/σbare is given by
fab = exp
(
ZaZbe
2
Tλ′D
)
, (37)
where T is the plasma temperature and λ′D is the Debye shielding length with a degeneracy
correction
1
λ
′2
D
=
∑
i
4πZ2i e
2ni
T
+
4πe2ne
T
(
f ′
f
)
. (38)
The quantity f ′/f ≃ 0.92 accounts for electron degeneracy in the solar core [20]. Apparently,
electron screening does not affect the probability of in-flight reaction Wkl, Eq. (6), as this
process is induced by energetic particles. Nevertheless, it can still enhance the in-flight
reaction rate, Eq. (33), due to an increase of the particle emission rate Rk,ij in a screened
thermal i+ j reaction.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section we explore capabilities of our model on the example of suprathermal effects
in the solar CNO cycle triggered by MeV α particles produced in some pp chain reactions.
We consider that plasma electrons and ions have equal temperature T = Te = Ti. The
radial profiles of temperature and element number densities in the solar core obtained [22]
by running the MESA code [23] are employed in the present work.
It was recently found [7] that the major nuclear sources of MeV α particles in solar core
are two reactions of the pp chain
p+ 7Li→ α+ α (Q = 17.348 MeV), (39)
3He + 3He→ p+ p+ α (Q = 12.860 MeV). (40)
The α-particle emission rates Rα,ij in these reactions are presented in Fig. 1. Shown are
the screened rates based on the corresponding reactivities for bare nuclei taken from the
NACRE II compilation [24]. The first reaction generates monochromatic α particles with
11
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FIG. 1: The emission rate Rα,ij of fast α particles in different regions of the solar core.
energy Eα,0 of 8.674 MeV, whereas the second one provides a continuous spectrum of α
particles with energies up to 4.3 MeV. Let us calculate particle slowing-down characteristics
introduced in Section II, focusing mainly on more energetic α particles from the 7Li(p, α)α
reaction.
Figure 2 shows the energy loss rate of a 8.674-MeV α particle in the solar core plasma at
R ≤ 0.2R⊙. To correctly clarify the role of electron degeneracy, we present here the results
obtained within the single slowing-down model, Eq. 15, considering first that all plasma
species are Maxwellian and then taking into account degeneracy of the electron component.
The corresponding curves in Fig. 2 are denoted as KAM86 (Maxw) and KAM86. Due to
spectral hardening of the Fermi-Dirac electron distribution, that is, an increase of the fraction
of high-energy electrons as compared with the Maxwellian case, the α particle energy loss
through α − e collision decreases. However, the reduction of (dEα/dt) proves to be at a
rather moderate level of not more than several percent as the plasma electrons are weakly
degenerate. The energy loss rate found in the classical SIV66 model for Maxwellian plasma,
Eq. 10, is also plotted in Fig. 2. This curve well coincides with that for Maxwellian KAM86.
Figure 3 shows the calculated energy loss rate (dEα/dt) as a function of α-particle energy
Eα in the inner, middle, and outer core regions. All models being considered – SIV66,
KAM86 (Maxw) and KAM86, SKUP77, EVRG13 – were used in these calculations. It is
seen that both SIV66 and KAM86 models as well as the interpolated EVRG13 formula
12
0.00 0.05 0.10 0.15 0.20
2.0
2.4
2.8
3.2
3.6
4.0
.
E  = 8.674 MeV
  SIV66; 
          KAM86 (Maxw)
  KAM86
 
 
- d
E
/d
t (
10
16
 k
eV
/s
)
R/RO
FIG. 2: The energy loss rate of a 8.674-MeV α particle from the 7Li(p, α)α reaction in the solar
core plasma. The SIV66 and KAM86 (Maxw) models show the results for the Maxwellian plasma,
while the KAM86 model takes into account the effect of electron degeneracy (see details in text).
provide comparatively close values for (dEα/dt) throughout the solar core. The lowest loss
rate is predicted by the KAM86 model properly accounting for electron degeneracy. At the
same time, the SKUP77 model, based on a completely different mechanism for energy loss,
leads to a sizable increase of (dEα/dt) at high energies. In view of this, we remind the reader
that this model was developed for the case where the α-particle velocity vα is less than the
average electron velocity 〈ve〉. For 8.674-MeV α particles vα/〈ve〉 is close to unity, so one
should bear in mind that some inaccuracy in the SKUP77 predictions at high energies is
likely to occur. Nevertheless, the limiting cases of the lowest and highest particle energy
loss correspond to the KAM86 and SKUP77 models, respectively.
The α-particle thermalization range lα,th and time τα,th, Eqs. (30) and Eqs. (31), for the
limiting cases are presented in Fig. 4. Both parameters increase towards the outer core
in accordance with the decrease of (dEα/dt) seen in Fig. 3. The α-particle thermalization
range lα,th < 20 µm, so all R-dependent plasma parameters (T, ne, ni) entering Eq. (6) can be
assumed to be constant. This simplifies calculations of the in-flight reaction probabilityWαl.
Figure 5 shows the effective temperature Tα,eff, Eq. (32), of reaction-produced α particles
with the initial energy Eα,0 = 8.674 MeV [the
7Li(p, α)α reaction] and 4.3 MeV [the upper
13
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FIG. 3: The energy loss rate of an α particle as a function of its kinetic energy Eα. Three regions
of the solar core are considered: (a) inner core at R = 9× 10−4R⊙; (b) middle core at R = 0.1R⊙;
(c) outer core at R = 0.2R⊙. The curves marked with different symbols correspond to the different
slowing-down models.
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FIG. 4: Parameters of 8.674-MeV α particle thermalization in the solar core. (a) Thermalization
range lα,th(Eα,0 → Eth). (b) Thermalization time τα,th(Eα,0 → Eth).
energy for the 3He(3He, 2p)α reaction]. As seen, Tα,eff exceeds the core temperature T by a
factor up to 3 orders of magnitude.
Thus, the main characteristics of fast α particles are evaluated and now one can examine
a role which these particles play in the CNO cycle. The first three branches of the cycle
are schematically shown in Fig. 6. They involve several exoergic forward A(p, α)B reac-
tions, whereas corresponding endoergic reverse B(α, p)A processes are neglected in the SSM
reaction network. Thresholds Ethr of the reverse (α, p) processes are higher than 1 MeV,
and according to Eq. (1) their Maxwellian reactivities 〈σv〉αB in the solar core with the
temperature of ∼ 1 keV are dramatically suppressed by the factor exp(Q/T ) & exp(1000).
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FIG. 5: The effective temperature Tα,eff of reaction-produced α particles in a comparison with the
solar core temperature T . The initial α-particle energy Eα,0 = 8.674 MeV [the
7Li(p, α)α reaction]
and 4.3 MeV [the upper energy for the 3He(3He, 2p)α reaction].
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FIG. 6: The first three branches of the solar CNO cycle. The dashed arrow shows the endoergic
reverse 14N(α, p)17O reaction neglected in the SSM reaction network.
This means that Maxwellian (α, p) nuclear flow does not appear in the CNO cycle. If how-
ever fast non-Maxwellian α particles are produced in the matter, the situation may change
significantly.
We will show this on the example of the branch II (the CNO-II cycle), focusing on the
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FIG. 7: The probability of the in-flight 14N(α, p)17O reaction in the solar core calculated for the
different models of particle energy loss. The α-particle initial energy Eα,0 = 8.674 MeV.
following processes
p+ 17O→ α + 14N (Q = 1.191 MeV), (41)
α + 14N→ p+ 17O (Eα,thr = 1.531 MeV). (42)
The importance of the forward (p, α) reaction, Eq. (41), is that it closes the branch II and is
one of main processes determining nuclear fusion rates in the CNO cycle [25]. The reverse
(α, p) reaction, Eq. 42, neglected in SSM studies is shown by the dashed arrow in Fig. 6.
For this reaction, the α-particle threshold energy Eα,thr is only 1.531 MeV, so the process
can easily be activated by 8.674-MeV α particles from the 7Li(p, α)α reaction. To calculate
its characteristics, we used experimental data on the reaction cross section which exhibits a
complicated resonant behavior (see, e.g., [26] and references therein).
Figure 7 shows the probability Wα14N, Eq. (6), for a 8.674-MeV α particle to undergo
the in-flight 14N(α, p)17O reaction while slowing down in the solar core plasma. It is seen
that all models for particle energy loss lead to a similar dependence of Wα14N on radius R.
As one might expect, the highest and lowest probabilities are provided by the KAM86 and
SKUP77 models, respectively.
Using Eq. (33), one can convert the in-flight reaction probability Wα14N to the corre-
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′
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(see details in text).
sponding suprathermal reaction rate
Rα14N,sprth =Wα14N × 2npn7Li〈σv〉p7Li→2α. (43)
Both electron degeneracy and electron screening in the plasma can enhance this rate. The
first mechanism affects the in-flight probability Wα14N while the second one increases the
thermal reactivity 〈σv〉p7Li→2α determining the fast α-particle production. Their effect is
clarified in Fig. 8. It shows the ratio δRα14N,sprth of the suprathermal rate Rα14N,sprth (both
mechanisms are included) to the rate R′α14N,sprth (both mechanisms are ignored). The rate
enhancement by a factor of ∼ 1.2 is observed at R < 0.2R⊙.
Figure 9 shows the rate Rα14N,sprth in a comparison with the rate of the forward
17O(p, α)14N reaction. For completeness, the 17O(p, γ)18F reaction is also shown in this
figure. Note that both p+ 17O processes are responsible for 17O burn-up in the CNO cycle.
Shown are the screened reaction rates. The p + 17O reactivities for bare nuclei were taken
from a recent compilation [27] for temperatures above 107 K and extrapolated to lower tem-
peratures ∼ 8×106 K typical of the outer core region, taking into account the T -dependence
of 〈σv〉 obtained in [4].
In Fig. 9, the rate Rα14N,sprth provided by 8.674-MeV α particles from the
7Li(p, α)α
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FIG. 9: The suprathermal 14N(α, p)17O reaction triggered by fast α particles in a comparison with
the 17O(p, α)14N and 17O(p, γ)18F processes responsible for 17O burn-up in the solar core. Shown
are the α + 14N and p + 17O reaction rates determined by Eqs. (33) and (3), respectively. Two
α-particle sources are considered. The solid curves marked with symbols correspond to 8.674-MeV
α particles from the 7Li(p, α)α reaction. Symbols “×” present the illustrative results for α particles
from the 3He(3He, 2p)α reaction having the upper energy of 4.3 MeV.
reaction is shown by solid curves marked with symbols (they are not resolved well on a
logarithmic scale). Additionally, we present some estimates for another source of fast α
particles (see Fig. 1). It is the 3He(3He, 2p)α reaction generating α particles in the 0–
4.3 MeV range. The most effective energy for this reaction, i.e, the Gamow peak energy
is EG ≃ 18.04 T 2/3 [28], so in the solar core region EG varies within 14–22 keV. For such
deep subbarrier energies reliable data on the 3He+ 3He α-particle spectrum are not available
in the literature that greatly complicates an analysis of the α-particle contribution to the
14N(α, p)17O rate. However, some useful estimates can be done if we consider that all α
particles from this reaction have the upper energy of 4.3 MeV. Although this case is not
realistic, it demonstrates the upper limit for the 3He(3He, 2p)α contribution. The respective
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FIG. 10: The influence of the suprathermal 14N(α, p)17O reaction on the 17O number density at
R = 0.1–0.25R⊙.
results are shown by symbols “×” (for the effective temperature Tα,eff of 4.3-MeV α particles,
see Fig. 5). We consider these estimates as an argument in favor of a further study of the
actual role of this reaction.
Figures 7 and 9 demonstrate that the non-Maxwellian nuclear effects predicted on the
basis of a simplified model [7] can really occur in the solar core. One can schematically divide
the core into three regions. In the inner core at R < 0.1R⊙ the reverse
14N(α, p)17O reaction
is weaker than the forward 17O(p, α)14N one and does not perturb the CNO running. In
the narrow shell at R = 0.087–0.091R⊙ these two reactions have nearly equal rates, so the
resultant nuclear flow between 17O and 14N almost vanishes, making the branch II unclosed
(see Fig. 6). In the outer core at R > 0.1R⊙ the
14N(α, p)17O reaction enhanced by MeV
α particles becomes much stronger than the 17O(p, α)14N process. Accordingly, counter-
clockwise nuclear flow in the branch II is redirected at 17O to clockwise flow in the branch
III. It is worth noting that the region of this distortion covers ∼ 95% of the core with the
radius R ≃ 0.25R⊙.
One of possible consequences of this phenomenon is an increase of the 17O abundance
in the outer core. Indeed, in this region the rate of 17O built-up through the 14N(α, p)17O
reaction exceeds the rates of two competing 17O(p, α)14N and 17O(p, γ)18F processes. It
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follows from Fig. 6 that the 17O number density satisfies a rate equation
dn17O
dt
= − npn17O〈σv〉p17O→α14N − npn17O〈σv〉p17O→γ18F
+
n17F
τ
+ 2Wα14N npn7Li〈σv〉p7Li→2α, (44)
where τ = 93.04 s is the mean lifetime of 17F. The last term in Eq. (44) accounts for
the suprathermal built-up of 17O. We estimate its contribution on the example of the rate
equation nearly at steady state. In this case, the number density n17O is related to the
thermal number density n17O,th (obtained by ignoring the last term in Eq. (44)) as
n17O ≃ n17O,th + 2n
7LiWα14N〈σv〉p7Li→2α
〈σv〉p17O→α14N + 〈σv〉p17O→γ18F . (45)
These number densities are shown in Fig. 10. It is seen that the suprathermal 14N(α, p)17O
reaction is capable of essentially enhancing the 17O abundance in the outer core. The exact
degree of this enhancement however may differ from that displayed in Fig. 10 because 17O
may burn not in equilibrium. Nevertheless, these estimates suggest that the 17O abundance
predicted by SSMs is likely to be underestimated in the outer core region.
IV. CONCLUSIONS
In this paper, we have formulated the consistent model for the description of non-
Maxwellian nuclear processes triggered by fast reaction-produced particles in the solar in-
terior. It is based on the formalism of in-flight reaction probability, operates with different
methods for the treatment of particle slowing-down in the matter, and takes into account
some peculiarities typical of nuclear processes in dense plasmas. These are the influence of
electron degeneracy both on charged particle energy loss and suprathermal reaction rates,
and electron screening of thermal processes in the solar core plasma. Our model extends
the previous approach to study suprathermal solar reactions discussed in [7] and refines its
predictions.
To explore capabilities of this model, it has been applied to calculate the main character-
istics of non-Maxwellian 8.674-MeV α particles generated in the 7Li(p, α)α reaction of the
pp chain, and to examine suprathermal processes in the solar CNO cycle induced by them.
We particularly focused on the 14N(α, p)17O reaction neglected in SSM studies. The effect
of electron degeneracy and electron screening on its rate in the solar core has been clarified.
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It has been shown that they increase the suprathermal (α, p) rate by ∼ 20% at R < 0.2R⊙.
The point of particular importance is that at R > 0.1R⊙ this rate appreciably exceeds the
rates of two conventional reactions – 17O(p, α)14N and 17O(p, γ)18F. The first one closes the
CNO-II cycle and both of them burn up 17O in the core.
This distorts running of the CNO cycle so that normal branching 14N ← 17O → 18F
of nuclear flow (closing the branch II and starting the branch III) transforms to abnormal
sequential flow 14N → 17O → 18F. The region of this distortion covers ∼ 95% of the
solar core volume. As a result, the 14N(α, p)17O reaction causes an enhancement of the 17O
abundance in the core as compared with standard estimates. For the steady state case,
the enhancement factor in the outer core reaches ∼ 102. Rough estimates also suggest that
an additional effect here may come from fast α particles produced in the 3He(3He, 2p)α
reaction of the pp chain. Furthermore, we expect that suprathermal (α, p) reactions other
than 14N(α, p)17O may also alter abundances of CNO elements, including those generating
solar neutrinos. This issue however is addressed to a future publication.
In closing, the applicability of the model presented is not restricted to solar studies and it
can be used for an analysis of non-Maxwellian processes in some other stars, if main sources
of energetic particles are accurately identified.
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